Investigating the origin of the nonradiative decay of bound excitons in
  GaN nanowires by Hauswald, Christian et al.
ar
X
iv
:1
40
8.
12
36
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 6 
Au
g 2
01
4
Investigating the origin of the nonradiative decay of bound excitons in GaN nanowires
Christian Hauswald,∗ Pierre Corfdir, Johannes K. Zettler, Vladimir M. Kaganer,
Karl K. Sabelfeld,† Sergio Ferna´ndez-Garrido, Timur Flissikowski, Vincent
Consonni,‡ Tobias Gotschke,§ Holger T. Grahn, Lutz Geelhaar, and Oliver Brandt
Paul-Drude-Institut fu¨r Festko¨rperelektronik, Hausvogteiplatz 5–7, 10117 Berlin, Germany
(Dated: August 16, 2018)
We investigate the origin of the fast recombination dynamics of bound and free excitons in GaN nanowire
ensembles by temperature-dependent photoluminescence spectroscopy using both continuous-wave and pulsed
excitation. The exciton recombination in the present GaN nanowires is dominated by a nonradiative channel
between 10 and 300 K. Furthermore, bound and free excitons in GaN NWs are strongly coupled even at low
temperatures resulting in a common lifetime of these states. By solving the rate equations for a coupled two-level
system, we show that one cannot, in practice, distinguish whether the nonradiative decay occurs directly via the
bound or indirectly via the free state. The nanowire surface and coalescence-induced dislocations appear to be
the most obvious candidates for nonradiative defects, and we thus compare the exciton decay times measured for
a variety of GaN nanowire ensembles with different surface-to-volume ratio and coalescence degrees. The data
are found to exhibit no correlation with either of these parameters, i. e., the dominating nonradiative channel in
the GaN nanowires under investigation is neither related to the nanowire surface, nor to coalescence-induced
defects for the present samples. Hence, we conclude that nonradiative point defects are the origin of the fast
recombination dynamics of excitons in GaN nanowires.
I. INTRODUCTION
GaN nanowires (NWs) offer novel opportunities for the
integration of optically active nanostructures based on GaN
with electronic components based on silicon.1–4 In con-
trast to planar GaN layers, they can be fabricated with a
low density of structural defects directly on Si substrates
by molecular-beam epitaxy (MBE).1,5,6 Because of the ab-
sence of threading dislocations, exciton recombination in
GaN NWs is assumed to be predominantly radiative.7 How-
ever, this expectation is inconsistent with the experimentally
observed short decay times of bound excitons in GaN NWs.
Even at low temperatures, time-resolved photoluminescence
(TRPL) measurements yield typically8 decay times in the
range of a few tens to about 200 ps,9–15 i. e., significantly
shorter than the radiative lifetime of the bound exciton state
in bulk GaN of at least 1 ns.16,17 Since NWs inevitably pos-
sess a large surface-to-volume ratio, it is often suspected
that nonradiative surface recombination causes these fast
decay times.10–13,18 Recent experimental results, however,
show that also comparatively thick NWs exhibit short de-
cay times which cannot be ascribed to surface recombination
alone.14,15
Coalescence of NWs is a phenomenon less frequently
considered as the possible origin of nonradiative recombi-
nation in GaN NWs. Given that the NW density in sponta-
neously formed GaN NW ensembles is on the order of 109 to
1010 cm−2, coalescence of adjacent NWs during their forma-
tion is inevitable. Basal-plane stacking faults19,20 and chains
of dislocations20 have been observed as consequences of the
coalescence of GaN NWs. The former defects capture free
excitons efficiently, but manifest themselves by characteris-
tic radiative transitions at specific energies.21–24 The latter,
in contrast, were found to act as efficient nonradiative cen-
ters for excitons.19
In the present paper, we investigate the radiative and non-
radiative decay of free and bound excitons in GaN NW
ensembles grown by molecular-beam epitaxy (MBE) on
Si(111) substrates. We first focus on a representative sample
to demonstrate that the exciton lifetime is dominated by a
nonradiative decay channel between 10 and 300 K. We also
show that the donor-bound and free exciton states exhibit
a common effective lifetime revealing an efficient coupling
of both states even at low temperatures. An important con-
sequence of this coupling is the fact that situations where
the nonradiative decay occurs either via the bound or the
free states are practically indistinguishable, since they result
in the same decay time for the coupled system. Next, we
compare the effective exciton lifetimes at low temperatures
measured for 19 different GaN NW ensembles with differ-
ent surface-to-volume ratio and coalescence degree. No sys-
tematic variation with either of these quantities is observed,
suggesting that the dominating nonradiative channel in the
present GaN NWs is neither related to the surface nor to
coalescence-induced defects.
II. EXPERIMENTAL DETAILS
The investigated GaN NW ensembles were grown by
plasma-assisted MBE on Si(111) substrates relying on either
their spontaneous formation under suitable conditions6,25 or
employing selective-area growth (SAG) on a thin AlN buffer
layer deposited on the Si substrate prior to NW growth.26
The substrate temperatures were in the range of 780 to
830 °C, and the Ga/N flux ratio was changed accordingly to
guarantee effectively N-rich conditions.27
The morphological properties of the as-grown GaN NW
ensembles were studied by field-emission scanning electron
microscopy as described in detail in Ref. 28. In particular,
top-view micrographs were used to determine the area and
perimeter of several hundreds of individual NWs for each of
the samples under investigation.
2In order to investigate the optical properties of the GaN
NWs, the as-grown samples were mounted onto the cold-
finger of a microscope cryostat. Continuous-wave photo-
luminescence (cw PL) spectroscopy was performed by ex-
citing the ensembles with the 325 nm (3.814 eV) line of a
He-Cd laser focused onto the sample with an excitation den-
sity of less than 1 W/cm2, leading to a photogenerated car-
rier density below 1014 cm−3. The PL signal was spectrally
dispersed by a 80 cm monochromator providing a spectral
resolution of 0.25 meV and detected with a cooled charge-
coupled device array. The TRPL measurements were per-
formed by exciting the ensemble with the second harmonic
(325 nm) of pulses with a duration of about 200 fs from
an optical parametric oscillator synchronously pumped by
a femtosecond Ti:sapphire laser, which itself was pumped
by a frequency-doubled Nd:YVO4 laser. A low excitation
density corresponding to an energy fluence of 1 µJ/cm2 per
pulse was chosen to prevent the saturation of impurities such
as neutral donors or possible nonradiative point defects dur-
ing the measurements. Assuming that all incident light is
absorbed by the NWs, the upper limit of the photogenerated
carrier density is 5×1016 cm−3. The transient PL signal was
dispersed by a monochromator providing a spectral resolu-
tion of 4 meV and detected by a streak camera with a tem-
poral resolution of 50 ps. In all cases, the excited area on the
as-grown samples included at least 100 NWs.
III. RESULTS AND DISCUSSION
A. Diameter and coalescence degree
Figure 1(a) depicts a top-view scanning electron micro-
graph of a representative, spontaneously formed GaN NW
ensemble on Si (hereafter called ’sample R’). The GaN NWs
have a length of (2.3±0.1)µm (not shown) and a density of
4.6×109 cm−2. By measuring the area A of their top facets,
the distribution of equivalent disk diameters ddisk = 2
√
A/pi
is extracted as depicted in the histogram in Fig. 1(b). The
fit of these data with a shifted Gamma distribution yields a
mean equivalent disk diameter 〈ddisk〉= 99 nm.
The asymmetry of this distribution is a direct manifesta-
tion of the NW coalescence in the ensemble.28 As seen in
Fig. 1(a), the ensemble contains predominantly NWs with
branched, kinked, and elongated top facets, i. e., shapes that
differ strongly from the regular hexagonal characteristic for
single NWs. These shapes originate from the coalescence of
NWs formed in close vicinity.28 As proposed in Ref. 28, we
employ the circularity C of the plan-view shape of the NWs
as a measure for the coalescence degree of the ensemble.
For an arbitrary, contractible two-dimensional shape (i. e.,
one without any holes), C is defined by C = 4piA/P2 with
the area A and the perimeter P. A circle has the maximum
circularity of C = 1, and a regular hexagon is characterized
by C = 0.907. NW coalescence results inevitably in shapes
with significantly lower values for C.
Figure 1(c) displays a histogram of the circularity of 265
NWs from sample R. The distribution is rather continuous
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FIG. 1. (a)(color online) Top-view scanning electron micrograph
of the representative GaN NW ensemble (sample R). (b) Histogram
representing the distribution of equivalent disk diameters ddisk cal-
culated from the NW top facet area A. A fit with a shifted Gamma
distribution to the data yields 〈ddisk〉= 99 nm. (c) Histogram show-
ing the circularity C of 265 randomly selected NW top facets.
Employing a threshold for the circularity of ζA = 0.762 (verti-
cal dashed line) in order to distinguish between uncoalesced NWs
and coalesced aggregates, a coalescence degree of σc = 0.89 is
obtained.28
with a maximum at C = 0.8. Following Ref. 28, we consider
NWs with C < ζA = 0.762 as coalesced [cf. dashed line in
Fig. 1(c)]. The coalescence degree σC of the GaN NW en-
semble is then given by:28
σC =
AC<ζA
AT
= 0.89. (1)
Here, AC<ζA represents the sum of all top-facet areas with
C < ζA, and AT denotes the total area of all NW top facets.
Since the length of the GaN NWs (see above) is fairly ho-
mogeneous and much larger than their diameter, σC directly
represents the volume belonging to NWs which have partic-
ipated in at least one coalescence event during growth.
B. Low-temperature photoluminescence
Figure 2 shows the cw PL spectrum of sample R obtained
at 10 K. The spectrum is dominated by the recombination of
A excitons bound to neutral donors [(D0,XA)] at 3.471 eV
with a full width at half maximum of 1 meV. On the high en-
ergy side of this transition, a shoulder is visible at 3.475 eV,
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FIG. 2. Low-temperature (10 K) cw PL spectrum of sample R. The
spectrum is dominated by the recombination of A excitons bound to
neutral donors [(D0,XA)] at 3.471 eV. Transitions attributed to the
recombination of B-excitons bound to neutral donors [(D0,XB)] at
3.475 eV and free A excitons (XA) at 3.478 eV are also detected.
The origin of the TES/(U,X) band at 3.45 eV is discussed in the
text. The dashed boxes indicate a 3 meV wide spectral window
centered around the (D0,XA) and XA transitions used to spectrally
integrate the low-temperature TRPL transients depicted in the inset.
The solid line in the inset represents a fit to the (D0,XA) transient
using a single exponential decay convoluted with the system re-
sponse function yielding an effective decay time of 0.16 ns within
the first ns. The dashed line is a guide to the eye and shows that the
XA transient has the same effective lifetime as the (D0,XA) state
within the error margin of the fit.
which stems from the recombination of B excitons bound
to neutral donors [(D0,XB)]. The transition arising from the
radiative recombination of free A excitons (XA) is centered
at 3.478 eV and is approximately two orders of magnitude
less intense than the (D0,XA) line, reflecting the low excita-
tion density used in these experiments. At 3.45 eV, a set of
closely spaced, narrow lines is observed. Besides the intrin-
sic two-electron satellite (TES) of the (D0,XA) transition in
GaN,16,29 several additional transitions have been reported
in this energy range for GaN NWs,9 which are related to
excitons bound to as yet unknown defects [(U ,X)] possi-
bly related to the NW surface.22,30 Additionally, acceptor-
bound excitons have been reported in this energy range.31,32
Finally, several lines originating from the recombination of
excitons bound to I1 basal-plane stacking faults (SF) are de-
tected at 3.41 eV.19,21–24
The inset of Fig. 2 depicts the TRPL transient of the
(D0,XA) transition integrated over a 3 meV wide spectral
window centered on the transition (indicated by the dashed
lines in the spectrum). An effective decay time of τeff =
(0.16± 0.02)ns is extracted from a fit of the data with a
single exponential decay within the first ns convoluted with
the system response function (solid line). After about 1 ns,
the XA and (D0,XA) transients deviate from a pure exponen-
tial behavior due to the coupling between these states and
deeper states such as acceptor-bound excitons or the (U,X)
states.14 The time of 0.16 ns accounting for the initial two
orders of magnitude of the decay is much shorter than ex-
pected for a purely radiative recombination of the (D0,XA)
complex in free-standing, bulk-like GaN, for which values
in excess of 1 ns have been measured.16,17 However, similar
values for the (D0,XA) decay time in GaN NWs have been
reported by different groups,9–13,33 while no agreement has
been reached on whether this decay time signifies a radiative
or nonradiative decay of this state. Prior to commenting on
this point, let us stress that the key for the understanding of
the exciton dynamics in GaN NWs turns out to be the fact
that the XA and (D0,XA) transitions exhibit identical decay
times as illustrated by the dashed line (guide to the eye) in
the inset of Fig. 2. We have also confirmed the parallel de-
cay by performing a spectral deconvolution of the XA and
(D0,XA) transitions using the method introduced in our pre-
vious study.14 This common decay time suggests a strong
coupling between these two exciton states as observed and
discussed in previous studies for GaN NWs,10,14 and planar
layers.34 Further evidence for the presence of this coupling
will be provided in the following section.
Viewing a GaN NW with its flat top facet as a nano-cavity,
one could argue that the spontaneous emission rate may be
enhanced by the Purcell effect35 assuming that the NW cav-
ity supports a mode (i) matching the frequency of the in-
vestigated transition and (ii) having a spatial overlap with
the position of the emitter.36 Quantitatively, however, a Pur-
cell factor fP > 6 would be required in order to enhance the
radiative rate from 1 ns−1 in the bulk16,17 to 6 ns−1 in the
NWs. Yet, calculated and experimentally determined val-
ues of fP averaged over the random position of the emit-
ters in NWs are in the range of 1 < fP < 2.37–39 In addition,
for the Purcell effect to result in the mono-exponential de-
cay over roughly two orders of magnitude observed exper-
imentally (cf. inset of Fig. 2), where more than 100 NWs
are probed simultaneously, fP would have to be essentially
identical for the vast majority of NWs despite their highly
irregular shapes [cf. Fig. 1(a)] and the variations in their
length (±100 nm). It thus seems exceedingly unlikely that
the short decay time of the (D0,XA) complex is related to a
purely radiative process. The temperature-dependent PL and
TRPL measurements presented in the following section con-
firm this conclusion and demonstrate unequivocally that the
exciton decay in the sample under investigation is caused by
a nonradiative process.
C. Temperature dependence of the PL intensity and exciton
lifetimes
Figure 3(a) displays the evolution of the cw PL spectra of
sample R with increasing cryostat temperature T . The ver-
tically shifted PL spectra show that the bound excitons are
progressively delocalized according to their binding energy.
Hence the relative contribution from the recombination of
free A excitons is continuously increasing. At 300 K, the
spectrum is eventually dominated by the recombination of
free A excitons at 3.41 eV. In Fig. 3(b), the cw PL inten-
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FIG. 3. (color online) (a) Temperature-dependent cw PL spectra of sample R (the spectra have been shifted vertically for clarity). With
increasing temperature, the bound exciton states are progressively delocalized, until the spectrum is dominated by the recombination of free
A excitons (XA) at room temperature (300 K). The grey line is a guide to the eye and highlights the spectral shift of the XA transition with
increasing temperature T . (b) Evolution of the spectrally integrated PL intensity of the donor-bound and free exciton states between 10
and 300 K. The straight line shows that the integrated intensity decreases proportional to T−3/2 with increasing T . (c) Effective (τeff) and
radiative (τrad) lifetime obtained from temperature-dependent PL transients. The calculated values for τrad increase proportional to T 3/2,
while τeff remains almost constant between 10 and 300 K. (d) Dependence of τeff on the excitation fluence at T = 10 K.
sity of the bound and free exciton states determined by a
lineshape fit is plotted versus T . The PL intensity starts to
quench already upon an increase of T to 15 K (evidencing
the presence of a nonradiative channel even for the lowest
temperature) and follows a T−3/2 dependence between 15
and 300 K.
In order to understand the origin of this quenching,
we have performed temperature-dependent TRPL measure-
ments. Figure 3(c) depicts the effective decay time τeff
(black squares) of the (D0,XA) and XA transitions extracted
from single-exponential fits to the short component of the
PL transient integrated spectrally over both transitions. This
procedure is justified since the two states exhibit a common
lifetime already at 10 K (cf. inset of Fig. 2). We find that
τeff does not decrease with increasing temperature, but in-
stead slightly increases from 0.16 ns at T = 10K to 0.23 ns
at T = 300K. Figure 3(c) also shows the evolution of the
radiative lifetime τrad (red circles) with increasing tempera-
ture normalized to 1 ns at 10 K.16,17 As the excitation pulse
is much shorter than the recombination time, τrad is propor-
tional to the inverse of the spectrally integrated PL peak in-
tensity [cf. Eq. (A6) in Ref. 40]. The radiative lifetime is
proportional to T 3/2 as expected for free excitons from the-
oretical grounds.41 The quenching of the PL intensity [cf.
in Fig. 3(b)] is thus caused predominantly by the increase
in the radiative lifetime, since the effective lifetime is es-
sentially constant and equal to the nonradiative lifetime [cf.
Fig. 3(c)]. Note that the increase of the radiative lifetime
for temperatures above 10 K supports our conclusion from
Sec. III B that the XA and (D0,XA) states are already coupled
in this regime. The deviation from the T 3/2 dependence at
temperatures above 200 K is due to the increasing participa-
tion of free carriers in recombination.42
Finally, Fig. 3(d) shows the dependence of the effective
lifetime of the (D0,XA) on the fluence of the pulsed excita-
tion at 10 K. The effective lifetime τeff is found to increase by
less than a factor of two when the excitation fluence is varied
over roughly four orders of magnitude. The data presented
5in Fig. 3(d) suggest that the nonradiative channel responsible
for the quenching of the PL intensity and the short effective
lifetimes is highly efficient and cannot be saturated under the
experimental conditions employed. The weak dependence
guarantees that different excitation densities caused, for ex-
ample, by a variation of the area fill factor for different NW
ensembles, do not lead to pronounced changes in τeff. This
result therefore allows us to compare the effective lifetime
of GaN NW ensembles with different morphological prop-
erties and will be used in Sec. III E to systematically inves-
tigate the dependence of τeff on the surface-to-volume ratio
and the coalescence degree.
The combination of the experimental results presented in
Fig. 3 shows unambiguously that the effective lifetime of
the coupled system (D0,XA) ⇆ XA +D0 is dominated by a
nonradiative decay channel over the whole investigated tem-
perature range. Furthermore, the results imply that the free
and bound exciton states are coupled at lower temperatures
than expected from the binding energy of the (D0,XA) com-
plex. This finding corroborates the results from our previous
work, where the inevitable presence of electric fields in GaN
NWs was suggested as the cause of an enhanced coupling
between all excitonic states.14 In order to gain a deeper un-
derstanding of the consequences of this coupling and to aid
the interpretation of the effective decay rate of the system as
a whole, we proceed by investigating a rate equation system
describing the dynamics of the two coupled states.
D. Rate equation model describing the coupling at low
temperatures
The coupled (D0,XA)⇆ XA+D0 system, for which an en-
ergy scheme is displayed in Figs. 4(a) and 4(b), is described
by the following set of linear rate equations in the limit of
low excitation density:
dnF
dt =−γcnF + γenD− γFnF (2)
dnD
dt = γcnF− γenD− γDnD. (3)
Here, nF and nD denote the time-dependent densities of free
and donor-bound excitons with the initial densities nF(0) =
n0F and nD(0)= 0, respectively, while γF and γD represent the
sums of the respective radiative (γ i,r) and nonradiative rates
(γ i,nr) with i= {F, D}. The coupling is represented by γc, the
capture rate of free to bound excitons, and γe, the rate for
the dissociation of the (D0,XA) complex and the subsequent
return of the exciton to its free state.
This rate equation system can be solved analytically,
which yields the time-dependent densities for both states:
nF(t) =
n0F
2β
[
(β − δ )e− 12 (α−β )t +(β + δ )e− 12 (α+β )t
]
(4)
nD(t) =
γcn0F
β
[
e−
1
2 (α−β )t − e− 12 (α+β )t
]
, (5)
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FIG. 4. (color online) (a) and (b) Schematic energy diagrams vi-
sualizing Eqs. (2) and (3) for the two different cases ’A’ and ’B’,
respectively. The two states involved are denoted by |ni〉, and the
crystal ground state is represented by |0〉. The red solid arrows
symbolize the effective decay channel, which dictates the dynam-
ics of the coupled system, while the green dotted arrows represent
purely radiative transitions. (c) Simulated TRPL transients of the
(D0,XA) and XA given by γ i,rni, respectively, employing the effec-
tive decay rates γ i as summarized in Table I and radiative decay
rates γ i,r for the free and bound exciton of 0.1 and 1 ns−1, respec-
tively.
with
α = γc + γe + γD + γF, (6)
β =
√
α2− 4 [γeγF + γD (γc + γF)], (7)
δ = γc− γe− γD + γF. (8)
The time-dependent densities [Eqs. (4)–(5)] are governed
by two exponentials with different decay constants. The
terms proportional to exp
[
− 12(α +β )t
]
describe the in-
crease of the donor-bound exciton population nD and the si-
multaneous fast decrease of the free exciton population nF
directly after excitation. At longer times, the system re-
veals its coupled nature by exhibiting a common effective
decay rate, which is represented by the terms proportional to
exp
[
− 12(α−β )t
]
in Eqs. (4) and (5).
If donor-bound and free excitons do not couple (i. e.,
γe = 0), the common decay rate of both states naturally dis-
6appears since |β |− |δ | = 0, and the effective decay rates of
the free and bound exciton states are given by γc+γF and γD,
respectively, as expected for the uncoupled system.
The dynamics of the coupled system (D0,XA) ⇆
XA + D0 is invariant with respect to a transformation
(γc,γe,γD,γF)→ (γ ′c,γ ′e,γ ′D,γ ′F), if α , β , and δ remain con-
stant. Such a transformation always exists, and we will now
discuss a particular example representing two limiting cases.
Let us first consider the situation depicted in Fig. 4(a)
(hereafter referred to as ’case A’). The free exciton is as-
sumed to have an effective decay rate of γF = γF,r = 0.1 ns−1,
i. e., equal to its radiative decay rate γF,r estimated in Ref. 43.
To account for the experimentally observed rapid decay, the
effective decay rate of the donor-bound exciton is set to
7 ns−1, i.e. , its decay is mostly nonradiative. The rates deter-
mining the coupling are set to γc = 40 ns−1 and γe = 2 ns−1
representing a comparatively weak coupling (i.e. γe ≪ γc)
between the two states as derived from the analysis of TRPL
data in our previous work.14 The resulting time-dependent
intensity γF,rnF(t) of the free exciton and γD,rnD(t) of the
donor-bound exciton are depicted in Fig. 4(c). Already
0.1 ns after the generation of free excitons, the (D0,XA) and
XA states decay with a common lifetime of about 0.15 ns, in
agreement with the experimental result presented earlier [cf.
inset of Fig. 2]. Note that the time resolution of 50 ps im-
pedes the observation of the fast capture process of the free
excitons.
Next, we assume that the (D0,XA) decay is purely radia-
tive, implying that γ ′D = γD,r = 1 ns−1 (hereafter referred to
as ’case B’).16,17 We also demand that the effective rate con-
stants α , β , and δ remain constant, which yields three alge-
braic equations for the three remaining rates γ ′c, γ ′e, and γ ′F.
The resulting equation system has one and only one solution,
namely, that given in Table I. As expected from the equal
values for the effective rate constants α , β , and δ , the decay
times obtained are identical for cases ’A’ and ’B’ as illus-
trated by the simulated transients in Fig. 4(c). However, the
system of case ’B’ is now strongly coupled (i.e. γe. γc), and
the nonradiative recombination takes place indirectly via the
free exciton state as γF ≈ γF,nr = 30.1ns−1 [cf. Fig. 4(b)].
The two limiting cases ’A’ and ’B’ are mathematically dis-
tinguishable, since the intensity ratio of the free and bound
exciton transitions changes. This change is due to the fact
that nD(t) is proportional to γc. However, distinguishing
cases ’A’ and ’B’ (or any of the infinitely many solutions
between these two limiting extremes of purely radiative re-
combination of either the free or the bound exciton) will be
difficult in practice, if not impossible. The reason for this
TABLE I. Parameters used in the rate equation model [Eqs. (2)–(3)]
to compute the PL transients shown in Fig. 4(c), and the effective
rate constants given by Eqs. (4)–(5), all in ns−1.
γF γD γc γe α β δ
Case ’A’ 0.1 7 40 2 49.1 35.9 31.1
Case ’B’ 30.1 1 10 8 49.1 35.9 31.1
fact is that the experimentally accessible PL intensity is pro-
portional to the external quantum efficiency. The intensity
ratio of the free and bound exciton transitions is thus influ-
enced by the different extraction efficiencies for the emis-
sion from free and bound excitons, which in turn are caused
largely by the reabsorption of the free-exciton emission, but
also by the different spatial distributions of the emitters.36
Additionally, the collection efficiency will be affected by the
different far-field patterns of the respective modes within the
NWs.44,45
In general, we will thus not be able to determine the in-
dividual decay rates of the states participating in recombina-
tion, but are left with the effective decay rate of the coupled
system. In particular, the coupled system may decay via ei-
ther of its constituent states (or even a combination of both)
without giving the experimentalist the possibility to decide
which path was actually taken. In other words, the (D0,XA)
⇆ XA +D0 coupled system should be viewed as one entity,
and a distinction between the free and bound states based on
their dynamics is not physically meaningful.
E. Dependence of the effective lifetime on surface-to-volume
ratio and coalescence degree
The above discussion has important consequences, par-
ticularly with regard to the question about the origin of the
nonradiative channel dominating the exciton decay in GaN
NWs. In case ’A’, the wave function of the majority of
donor-bound excitons has to overlap with that of a nonra-
diative center to explain the experimentally observed tran-
sients, thus requiring fairly high densities of these centers
since the (D0,XA) complex is a localized state with a small
spatial extension.15 In case ’B’, in contrast, the nonradiative
decay occurs via the free exciton, which is principally a co-
herent excitation of the entire NW,46 but is also from a clas-
sical point of view a spatially delocalized particle, which ex-
periences its surroundings on the scale of its diffusion length
of 50–200 nm.23,47,48 Considering that these values are actu-
ally larger than the radii of the NWs under investigation, it is
interesting to compile the decay times of the (D0,XA) state
for different GaN NW samples and examine the data for a
correlation with the mean surface-to-volume ratio and the
coalescence degree of the ensemble.
Assuming a finite surface recombination velocity S, the
surface recombination rate in a single NW with equivalent
disk diameter ddisk is often approximated by the relation
γS =
4S
ddisk
, (9)
which is strictly valid for cylindrical objects only. How-
ever, the inadvertent coalescence of individual NWs during
growth distorts their shape from a regular hexagon towards
elongated and branched shapes [cf. Fig. 1(a)]. Hence, the
equivalent-disk diameter ddisk systematically underestimates
the influence of the surface for NWs exhibiting a low circu-
larity. For an arbitrarily shaped object, we show in Appendix
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FIG. 5. (color online) Overview of the effective (D0,XA) lifetime obtained by fitting the short component of the respective TRPL transient
recorded at low temperatures with a single-exponential decay for 19 different GaN NW ensembles. Solid symbols represent samples grown
using the self-induced growth mode, while the open symbols are samples grown by SAG.26 (a) Dependence of the effective lifetime τeff on
the parameter 〈d∗〉. The solid line depicts the expected lifetimes for an effective surface recombination velocity of ˜S = 6.3×103 cm/s.13
The horizontal bars indicate the typical standard deviation of the d∗-distribution in the NW ensemble for the self-induced growth (upper
bar) and SAG (lower bar). (b) Dependence of τeff on the coalescence degree σC of the sample.
A that the surface recombination rate γS is actually propor-
tional to the perimeter-over-area ratio:
γS =
SP
A
=
4S
d∗ , (10)
where d∗ = 4A/P, with the cross-sectional area A of a NW
and the perimeter P of its cross section. The parameter d∗ ≤
ddisk thus represents a new effective diameter for a given NW
taking into account the larger perimeter of coalesced NWs
compared to uncoalesced ones when both exhibit the same
cross-sectional area A. Since we investigate NW ensembles
rather than single NWs in this study, we employ the mean of
the respective distribution to characterize the ensemble. For
sample R, the distribution of d∗ (not shown) is symmetric
and is described well by a normal distribution with a mean
of 〈d∗〉 = 72 nm. This value is 20% smaller than the mean
equivalent disk diameter 〈ddisk〉 = 99 nm [cf. Fig. 1(b)], un-
derlining the importance of considering the actual shape of
the NWs for the quantitative analysis of surface-related phe-
nomena.
We are now in the position to quantitatively compare the
effective lifetime of the coupled (D0,XA)⇆ XA system for a
number of GaN NW samples with different values of 〈d∗〉
grown in several different MBE machines using different
plasma sources. The results based on samples from Refs. 15,
49, and 50 are displayed in Fig. 5(a) together with data re-
ported in Refs. 10 and 14. The effective lifetimes measured
for these samples remain short compared with the radiative
lifetime regardless of the value of 〈d∗〉. If the effective life-
time τeff were fundamentally limited by surface recombi-
nation, the resulting values would be expected to linearly
increase with 〈d∗〉. The solid line shows the expected de-
pendence with ˜S = 6.32× 103 cm/s as reported by Gorgis
et al. 13 for bound excitons. Note that we have not yet ob-
served decay times longer than expected from this value,
but only shorter ones. For thin NWs, surface recombina-
tion may therefore be the limiting process after all, but for
thicker ones, it is clear that a process not related to the sur-
face determines the exciton decay rate. Figure 5(b) plots the
effective lifetime τeff from 15 different GaN NW samples
versus their coalescence degree σC. With the exception of
the GaN NW arrays fabricated by SAG (whose coalescence
degree was set to σC = 1 since multiple NW nucleations oc-
cur inevitably for each hole26), the values of the effective
exciton lifetime scatter around 150 ps and do not show any
obvious trend towards shorter values for higher coalescence
degrees.
IV. CONCLUSION
Our results show conclusively that the exciton lifetime in
the investigated GaN NW ensembles is limited by nonradia-
tive recombination. The lifetime is independent of the en-
sembles mean surface-to-volume ratio and coalescence de-
gree, implying that the nonradiative process is neither caused
by surface recombination nor by dislocations formed due to
NW coalescence. The remaining possibility for the origin of
this nonradiative channel are point defects. In fact, given that
the substrate temperatures used in the MBE growth of GaN
NWs are low compared to those used in both metal-organic
and hydride vapor phase epitaxy, the point defect density in
these NWs is necessarily higher than in state-of-the-art GaN
layers, which are grown closer to equilibrium. However, the
point defect density does not need to be excessively high in
order to dominate the exciton decay. We have demonstrated
8that bound and free excitons in the investigated GaN NWs
are strongly coupled even at low temperatures, and the non-
radiative decay may thus take place via the free state. Given
that the diffusion length of free excitons in GaN is larger
than 50 nm, a density as low as 1015 cm−3 may suffice to
introduce an effective nonradiative decay channel.
Attempts to reduce the density of this detrimental de-
fects would probably require a higher substrate temperature.
However, due to an exponential increase of both the des-
orption of Ga adatoms and the dissociation of GaN in the
high vacuum environment of MBE, it seems unlikely that
sufficiently high substrate temperatures can be reached. A
perhaps more promising approach for reducing the impact
of these defects at least at low temperatures is the manipula-
tion of the strength of the coupling between free and bound
states in the NWs. As discussed in detail in our previous
work,14 we believe that the enhanced coupling in GaN NWs
is nonthermal in nature and related to the presence of elec-
tric fields within the NWs. Since these electric fields arise
from the pinning of the Fermi level at the NW sidewalls, a
passivation of the corresponding M-plane surfaces may dras-
tically diminish the coupling and result in a higher internal
quantum efficiency at low temperatures.
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Appendix A: Surface recombination for arbitrary NW shapes
Let us consider generation, diffusion, and recombination
of excitons described by the equation
∂n(x, t)
∂ t = D∆n(x, t)− γn(x, t)+Gδ (t) (A1)
within a domainA, with the initial condition n(x,0) = 0 and
the boundary condition at the border of the domain
D
∂n
∂ν (ξ )+ Sn(ξ ) = 0, ξ ∈ ∂A. (A2)
Here n(x, t) is the exciton density, G the generation rate, D
the diffusion coefficient, γ the radiative recombination rate,
S the surface recombination velocity, and ν is a unit normal
directed outwards of the domain.
Our aim is to calculate the PL intensity (normalized to the
generation rate G and the domain area A)
I(t)≡
1
GA
∫
A
n(x, t)dx (A3)
in the limit of large diffusivity, i.e. , we thus require that
the diffusion length
√
D/γ is large compared to the domain
size so that D/γ ≫ A. The analysis does not depend on the
dimensionality of the system, and we refer below to the do-
main area A and its perimeter P in application to the two-
dimensional problem considered in this manuscript. The re-
sults presented below are applicable to a d-dimensional vol-
ume A and its (d− 1)-dimensional hypersurface P.
Since the diffusion coefficient D is large, we put D =
D0/ε , where ε is a small quantity. Then, the diffusion equa-
tion (A1) and the boundary condition (A2) read
ε
∂n(x, t)
∂ t = D0∆n(x, t)− εγn(x, t)+ εGδ (t), (A4)
D0
∂n
∂ν (ξ )+ εSn(ξ ) = 0, ξ ∈ ∂A. (A5)
Let us expand n(x, t) in a power series over ε , n(x, t) = n0 +
εn1+ . . . . Substituting this expansion in Eqs. (A4) and (A5),
we obtain the first two terms over the powers of ε as
D0∆n0(x, t) = 0, x ∈ A, D0
∂n0
∂ν (ξ ) = 0, ξ ∈ ∂A, (A6)
and
∂n0(x, t)
∂ t = D0∆n1(x, t)− γn0(x, t)+Gδ (t), x ∈A, (A7)
D0
∂n1
∂ν (ξ )+ Sn0(ξ ) = 0, ξ ∈ ∂A. (A8)
It follows from Eq. (A6) that n0 does not depend on x so
that n0 = n0(t). Now we integrate Eq. (A7) over the domain
area A:
A
∂n0(t)
∂ t = D0
∫
A
∆n1dx−Aγn0(t)+AGδ (t). (A9)
Since
∫
A
∆n1dx =
∫
∂A
∂n1
∂ν dξ ,
we arrive using the boundary condition (A8) at the equation
∂n0(t)
∂ t =−
(
γ + SP
A
)
n0(t)+Gδ (t). (A10)
In the limit of an infinitely large diffusion coefficient, n0(t)
no longer explicitly depends on D and Eq. (A10) gives the
desired result
I(t) = exp [−(γ + γS) t] , (A11)
where
γS =
SP
A
, (A12)
is the surface recombination rate. An account of the subse-
quent terms in the expansion over ε can give the PL intensity
in the case of a large but finite diffusivity.
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